The incineration of municipal sewage sludge causes the formation of ash, which needs further utilization. The literature gives only few examples of the chemical sewage sludge ash conversion with the hydrothermal method. The effect of conversion depends on the properties of the raw material and the process parameters. According to the domestic and foreign test results of the conversion of fly ash from coal, the fusion method is more effective. The aim of the paper was to evaluate the impact of chemical sewage sludge ash conversion with the fusion method on the chosen properties of the obtained material. The applied conversion parameters were the ratio of sewage sludge ash:NaOH, the concentration of NaOH, the activation time and temperature as well as the crystallization temperature and time. In some of the samples, the introduction of the fusion caused the formation of the following, e.g. (hydroxy)sodalite, zeolite X and zeolite Y, zeolite P, (hydroxy)cancrinite. The temperature of the thermal treatment of sludge, the ratio of ash:NaOH and the crystallization time were the parameters having a statistically significant impact on the effect of zeolitization and the properties of the obtained material, but the changes of their values had little effect on the tested features of the modified ash. On the basis of the leaching of Cd, Cr and Ni from the samples after the conversion it was proven that a higher temperature of the thermal treatment of sewage sludge was favourable for the formation of permanent structures.
INTRODUCTION
In Poland there has been an increase in the contribution of thermal methods in the processing of municipal sewage sludge [General Statistic Office, 2019]. Such a trend is favoured by the limitation of the environmental usage of sludge, excessive concentrations of heavy metals in sewage sludge and the ban on landfilling of municipal sewage sludge without suitable treatment [Regulation of the Ministry of Economy, 2015]. Seven out of eleven Polish installations perform the incineration in fluidized-bed furnaces [National Waste Management Plan 2022, 2016]. The ash formed as a result of sewage sludge incineration, in comparison to the energy wastes from coal, is characterized by the composition corresponding to slag, with the simultaneously higher loss on ignition and the concentration of phosphorous [Zabielska-Adamska, 2015]. Some of the methods of ash utilization obtained from the incineration of municipal sewage sludge and coal are similar, for instance utilization in road construction or in the production of building materials [Filipiak, 2011; Kappel et al., 2017; Smol et al., 2015] . The sewage sludge ash can is a source of zeolites [Zhang et al., 2018] , which have been obtained from coal fly ash since the 1980s.
Zeolites form a spatial structure of aluminosilicates, which consist of tetrahedron networks comprising AlO 4 and SiO 4 bound with one another with common oxygen atoms. The developed inner structure makes them very good catalysts, sorbents and ion-exchange materials. The properties of zeolites led to their wide usage in agriculture, chemical and building industries as well as the environmental engineering [Franus, 2012] . Synthetic zeolites are most often obtained as a result of the synthesis with the hydrothermal or fusion method [Deng et al., 2016; Pimraksa et al., 2010] . According to the literature, the synthesis of zeolites was also carried out on ash from oil shales [Bao et al., 2013] .
The type of the formed zeolite depends on the properties of the raw material, in particular the contribution of the glassy phase and the value of the SiO 2 /Al 2 O 3 ratio. The synthesis of zeolites is a complex process consisting in the sequence of reactions: dissolution of aluminium and silica from ash, formation of aluminosilicate gel on the undissolved particles of ash, crystallisation of zeolites and their growth. The course of the individual synthesis stages depends on such parameters as the pressure, the temperature and time of the reaction, the alkalinity of the solution and the type of the alkali. The use of different parameters of the conversion process of ash into zeolites, even within the range of one method of synthesis, prevents obtaining different crystalline forms of zeolites from the same raw material [Fan et al., 2008; Latosińska 2010; Zhang et al. 2018 ].
The aim of the paper was to evaluate the impact pertaining to the chemical conversion of sewage sludge ash with the fusion method on the chosen properties of the obtained material. The applied conversion parameters were the ratio of sewage sludge ash:NaOH, the concentration of NaOH, the activation time and temperature as well as the crystallization temperature and time.
MATERIALS AND METHODS
The ash was obtained under laboratory conditions as a result of the thermal treatment of sewage sludge in the following temperatures 600 o C (P-600), 790 o C (P-790) and 980 o C (P-980). The sewage sludge was obtained from a mechanical-biological wastewater treatment plant in Sitkówka-Nowiny.
The analysis of the oxide composition of sewage sludge ash was performed with the X-ray fluorescence spectroscopy (XRF) method. The contribution of the amorphous substance in sewage sludge ash was measured with the internal standard method, and the phase quantitative X-ray analysis was performed with the Rietveld method using the Topas v 4.2 programme on the basis of the published crystalline structures.
The characteristics of sewage sludge ash are presented in Tables 1 and 2 . The sewage sludge ash was characterized by the SiO 2 /Al 2 O 3 ratio of 3.9 (P-600), 3.8 (P-790) and 3.7 (P-980). The sludge ash samples had different amounts of the amorphous substance, and the greatest contribution apart from the amorphous substance was for quartz ( Table 2 ).
The solution of 3 M concentration NaOH was used for the chemical sewage sludge ash conversion. The changeable parameters of the chemical conversion process were the ratio of sewage sludge ash mass to the sodium hydroxide mass, the temperature of crystallisation and the time of crystallisation ( Table 3 ). The applied methodology of the chemical conversion was presented in Figure 1 .
The analysis of the phase composition of the samples after the conversion process was performed with the X-ray diffraction method (XRD). The cation-exchange capacity (CEC) was determined on the basis of the methodology presented in [Kirov et al., 1997] with the use of 1 M ammonium acetate. The concentration of ammonium ions in the solution was measured with the ion chromatography. The CEC of the sludge ash samples before the conversion process of conversion had the values of 49.668 mval/100g (P-600), 21.914 mval/100g (P-790) and below detection for P-980 respectively.
The leaching of cadmium, chrome and nickel from ash before and after the process of conversion was marked with the EP procedure [EPA Regulations on Land Disposal Restrictions, 1991]. The data submitted to the analysis came from the research conducted on the basis of 32 experiments from the 2 5 experiment plan.
The test results pertaining to the properties of samples obtained as a result of the zeolitization constituted a set of nonparametric and parametric features. The first group consisted of the phase composition of samples, the second of the cationexchange capacity and the leaching of cadmium, chrome and nickel. In order to conduct the statistical analysis, the phase composition of samples was transcoded into a binary system. Every phase element was attributed weights from the range between 0 and 1. Assuming that the zeolitic structures were the desirable phases, they were attributed higher weights. The values of weights for the structures not belonging to zeolites were not differentiated because they were considered parallel undesirable. The sum of arithmetical products of weights of the phase composition of samples was described as the effect of zeolitization. Due to the use of a two-level plan, three pairs of temperature levels of the thermal treatment were applied: 600 o C and 790 o C, 790 o C and 980 o C, 600 o C and 980 o C.
The coefficients of the regression function were determined with the least squares method, while the selection of elements constituting the nd. -not detected. final form of the model was conducted with the step selection method. The significance of the coefficients of the regression function in the estimated regression function was verified with the F test. The elimination of the statistically insignificant elements of the regression function was performed with the assumption of the limit value for the level of significance at p = 0.1. The statistical calculations were carried out in the SAS 9.3 software. The corrected coefficient of determination Ř 2 including the correction, resulting from the different number of elements in the model, was introduced in order to evaluate the compliance of the estimated regression model with the experimental data. The corrected coefficient of determination Ř 2 applies the values from the range between 0-1. 
RESULTS AND DISCUSSION
The crystalline phases of samples after the chemical conversion were presented in tables 4-6. The application of the fusion method of the P-600 ash in the option with the 6-hour crystallisation time, the ratio of sewage sludge ash:NaOH-1:1.4 and for all the applied temperatures of activation and crystallisation did not cause the crystallisation of the zeolitic structures (S1-S4). The change in the ratio of sewage sludge ash:NaOH from 1:1.4 to 1:1.8 resulted in the formation of (hydroxy)sodalite in two samples (S7, S8). The remaining parameters of the process of the synthesis of samples S7 and S8 differed only in the value of the crystallisation time.
The prolongation of the crystallisation time up to 72 hours for the samples with the ratio of sewage sludge ash:NaOH-1:1.4 resulted in the crystallisation of only one zeolitic structurezeolite P (S10, S12), which was accompanied by apatite, magnetite and quartz. The synthesis parameters of these samples differed only in the value of the activation temperature. The crystallisation temperature 60 o C did not cause the crystallisation of zeolitic structures (S9, S11). The samples of (hydroxy)sodalite (S14, S16), zeolite X (S13, S14) and zeolite P (S15) had the ratio of ash:NaOH amounting to 1:1.8.
The chemical conversion caused the synthesis of zeolitic phases in all samples of P-790 sewage sludge ash. Hydroxysodalite was found in S17-S24 and S26-S32 samples, while zeolite X in the S25, S29 samples. The unreacted mineral phase from ash P-790, i.e. quartz, was also found in the product of the synthesis reaction.
The reflexes characteristic for (hydroxy)sodalite accompanied by apatite (S17-S24) and quartz (S19-S20) were found in all samples of the P-790 sewage sludge ash after the 6-hour crystallisation time, regardless of the values of the remaining process parameters. The prolongation of the crystallisation time up to 72 hours translated into the identification of zeolite X in the samples of the lowest values of the activation temperature and the crystallisation temperature, in the sample with the ratio of sewage sludge ash:NaOH -1:1.4 (S25) and in the sample with the ratio of sewage sludge ash:NaOH -1:1.8 (S32). 
The chemical conversion of the P-980 sewage sludge ash caused that (hydroxy)sodalite and apatite were found in the S33-S48 samples, and hydroxycancrinite in the S39 sample (tab.6). The prolongation of the crystallisation time up to 72 hours caused that zeolite X was found in samples S41 and S45. The stage of activation and crystallisation for both samples was realized at 60 o C. The parameters of the process of the synthesis S41 and S45 differed only in the ratio of sewage sludge ash:NaOH (tab.3).
The results proved the fact that the change of process conditions does not always cause the increase of the efficiency of the formation of a particular zeolite. The synthesis of other structures often begins under particular conditions. According to [Fan et al., 2008] , zeolite X together with the change of zeolitization conditions, i.e. the change in the ratio of sewage sludge ash:NaOH, can pass into the form of (hydroxy)sodalite. Smaller number of crystalline phases in the P-980 sewage sludge ash in comparison to the P-600 and P-790 sewage sludge ash translated into their smaller number in the samples after the conversion.
The chemical conversion caused the increase in the cation-exchange capacity of samples. The values were in the range from 109.195 mval/100g (S48) to 268.282 mval/100g (S12, Table 7 ).
The comparison of the cation-exchange capacity of the P-600 sewage sludge ash and samples after the process of conversion demonstrates that S1-S16 samples were characterized by higher values of this parameter. Similarly, the comparison of the cation-exchange capacity of the P-790 and P-980 sewage sludge ashes with the S17-S32 and S33-S48 samples, respectively, proves the increase of the value of the cation-exchange capacity as a result of the zeolitization with the fusion method ( Table 7) . The change of the ratio of sewage sludge ash:NaOH from 1:1.4 to 1:1.8 caused that the increase of the contribution of the sodium hydroxide was accompanied by the decrease of the cation-exchange capacity, regardless of the temperature of the thermal treatment of sewage sludge ( Table 7) .
The highest value of the cation-exchange capacity was found for the S12 sample. The S12 sample with the ratio of sewage sludge ash:NaOH-1:1.4 was formed as a result of the activation of the P-600 ash in 90 o C and crystallisation in 90 o C. The comparison of the cationexchange capacities of the samples after the conversion of the P-600 ash with the analogical samples after the zeolitization of the P-790 and P-980 ash samples also proved that the conversion of the P-600 ash caused the highest increase of the cation-exchange capacity ( Table 7) .
The lack of cadmium was discovered in some of the eluates of the S1-S48 samples. In other cases, the concentration of cadmium was from 0.0051 mg/dm 3 (S16) to 1.5212 mg/dm 3 (S10); thus, cadmium exceeded the admissible value of 0.005 mg/dm 3 Nickel was not found in eluates of some of the S1-S48 samples. In the remaining eluates, the concentration of nickel was from 0.008 mg/dm 3 (S27) to 1.4741 mg/dm 3 (S39). The prolongation nd.
-not detected of the crystallisation time of the P-600 ash caused a decrease in the concentration of nickel (S1-S16).
In the eluates after the conversion of the P-790 ash samples with the 6-hour crystallisation time, the concentration of nickel was from 0.1082 mg/dm 3 (P75) to 1.2823 mg/dm 3 (P71). Exclusively one sample of the 72-hour crystallisation time of the P-790 ash had the value over 0.4 mg/dm 3 (S25). Thus, the prolongation of the crystallisation time of the samples from the P-980 ash was accompanied by the decrease of the nickel concentration in eluates (tab. 7). In the majority of the eluates of the S1-S48 samples, the concentration of nickel exceeded 0.02 mg/dm 3 , i.e. the concentration breakpoint for drinking water [Regulation of the Ministry of Health, 2017]. Chromium was the heavy metal with relatively small values in the eluates of the S1-S48 samples. The lowest concentration of chromium was found in the eluate of the S16 sample-0.002 mg/dm 3 , and the highest in S39 -5.6743 mg/dm 3 . Only in the eluate of the S9 sample, chromium was not detected. The limited value of chromium -0.05 mg/dm 3 according to [Regulation of the Ministry of Health, 2017] -was exceeded in the eluates of the following samples: S10-S12, S12, S17-S29, S31-S48.
Linear models for zeolitization with the fusion method with NaOH were presented in tables 8-12. The statistical analysis proved that the formation of zeolitic structures statistically significantly depends on the temperature of the thermal treatment of sludge and the ratio of sewage sludge ash:NaOH. The increase in the values of both independent variables has a favourable influence on the effect of zeolitization. For the P-600 and P-980 samples, the time of crystallisation is also statistically significant (tab. 8) . The values of the corrected coefficient of determination for both analysed models prove their good adjustment (Ř 2 = 0.629 -temperature 600 o C and 790 o C; Ř 2 = 0.6971 -temperature 600 o C and 980 o C; tab.8).
A model was obtained for the samples from the set of P-790 and P-980 sewage sludge ashes in which the effectiveness of zeolitization depends on the ratio of sewage sludge ash:NaOH, the temperature of the thermal treatment and the crystallisation temperature. The increase in the first of the two mentioned independent variables has a negative impact on the effect of zeolitization. However, the corrected coefficient of determination Ř 2 = 0.2139 is the evidence of the poor adjustment of the model (tab.8).
On the basis of the elimination of statistically insignificant variables, it was proven that the value of the cation-exchange capacity is influenced by the ratio of sewage sludge ash:NaOH, the temperature of crystallisation and the temperature of the thermal treatment of sludge. According to the obtained models, the increase of the crystallisation temperature will cause the increase in the value of the cation-exchange capacity. However, the increase in the temperature of the thermal treatment of sludge will cause the decrease in the value of the cation-exchange capacity. The increase in the value of the ratio of sewage sludge ash:NaOH will also translate into the decrease in the cation-exchange capacity. The time of crystallisation was the statistically significant parameter for the samples of lower range of temperatures of the thermal treatment of sludge. According to the model, the prolongation of the crystallisation time will cause the increase in the cation-exchange capacity. The values of the corrected coefficient of determination are the evidence of the good adjustment of the model (tab.9). It was proven that the temperature of the thermal treatment of sludge and the time of crystallisation, and in the case of cadmium also the temperature of activation are the statistically significant parameters in the greatest number of models describing the leaching of the determined heavy metals. In three cases of cadmium and chrome leaching, no models were obtained because none of the parameters occurred to be statistically significant (tab.10-tab.11). It was the consequence of the fact that no tested heavy metals were detected in eluates of some of the samples. The abovementioned fact is favourable from the perspective of the use of the material. The time of crystallisation is the factor the prolongation of which causes the decrease of the value of the leaching of cadmium and nickel (tab.9.10, tab.12). The recognition of the influence of crystallisation on the leaching of heavy metals requires determining the concentrations of metals in the liquids obtained during the rinsing of sludge ash after the process of zeolitization. The increase of the temperature of the thermal treatment of sludge, as described by most of the obtained models, has a favourable influence on the decrease of the value of leaching of heavy metals (tab.10-tab.12). The statement above converges with the test results presented in [Latosińska, 2017; Latosińska, 2019 , Latosińska et al. 2012 ]. In the mentioned papers, it was proven that the factor decreasing the leaching and the mobility of heavy metals from sewage sludge ash is a higher temperature of sludge The models with good adjustment describe the variability of the leaching of cadmium. The models with the satisfactory adjustment describe the variability of the leaching of nickel. In the case of leaching of chrome, the obtained models had poor adjustment.
CONCLUSIONS
The results of the research on the impact of the chemical conversion parameters on the properties of sewage sludge ash allow drawing the following conclusions:
• the conversion with the fusion method cause the formation of the following in some of the samples: (hydroxy)sodalite, zeolite X, zeolite Y, zeolite P and (hydroxy)cancrinite, • regardless of the process parameters and the temperature of the thermal treatment of sludge, no monomineral zeolites were obtained,
• the formation of zeolitic structures statistically significantly depends on the temperature of the thermal treatment of sludge and the ratio of sewage sludge ash:NaOH. The time of crystallisation and the temperature of crystallisation are also statistically significant, • the values of the cation-exchange capacity statistically significantly depend on: the ratio sewage sludge ash:NaOH, the temperature of crystallisation, the temperature of the thermal treatment of sludge and the time of crystallisation, • the temperature of the thermal treatment of sludge and the time of crystallisation, and in the case of cadmium also the temperature of activation are the statistically significant parameters in the greatest number of models describing the leaching of the determined heavy metals, • the cases of the lack of statistically significant factors influencing the leaching of cadmium and chrome are the consequence of the fact that no tested heavy metals were detected in the eluates of some of the samples, • higher temperature of the thermal treatment of sewage sludge is favourable for the formation of permanent structures, • the temperature of the thermal treatment of sewage sludge, being the parameter which influences the effect of zeolitization and the properties of the obtained material, is statistically significant, but the change of its value has little impact on the tested features of the modified ash. Taking into account the possible changes of the temperature of the thermal treatment of sludge in the installation, e.g. as a result of a breakdown, it is a favourable situation.
